Pressure-diameter relations were studied in rat afferent arterioles using an isolated, juxtamedullary nephron preparation perfused with a saline solution containing 5% albumin. Angiotensin I (10 fiM), angiotensin II (0.1 juM), and norepinephrine (10 j*M) increased perfusion pressure, and norepinephrine, but not angiotensin I or II, contracted afferent arterioles, indicating that the vessels are reactive. The control diameter of the afferent arterioles that exhibited pressure-dependent contraction (n=58) 
T wo principal hypotheses have emerged regarding autoregulation of renal blood flow and glomerular filtration rate in response to changes in arterial pressure, namely, tubuloglomerular feedback and myogenic activation of arterial caliber. '-4 Tubuloglomerular feedback is thought to involve the release of a chemical mediator from the juxtaglomerular apparatus in response to changes in tubular flow that are sensed in the macula densa cells in the thick ascending limb of Henle. 4 This mediator is thought to activate arterial muscle in the afferent arterioles, adjusting vessel diameter to changes in pressure. 1 -24 Myogenic mechanisms involve activation of arterial muscle in response to increasing transmural pressure and also provide The relative contribution of tubuloglomerular feedback and myogenic mechanisms to the autoregulation of renal blood flow is still controversial. On the basis of frequency analysis studies, Sakai et al 7 concluded that the tubuloglomerular feedback mechanism alone is sufficient to explain autoregulation of renal blood flow. Others have argued, however, that changes in the resistance of preglomerular vessels mediated by myogenic mechanisms also contribute to autoregulation of renal blood flow. 8 - 9 Casellas and Navar 10 recently described a technique that permits the in vitro blood perfusion of the juxtamedullary nephrons maintaining nephron function and preserving the relations between tubular and vascular structures. This preparation permits direct visualization of the entire preglomerular vasculature and allows for measurement of vascular diameter. Using this preparation, Casellas et al 11 reported that glomerular capillary pressure was autoregulated to some extent indicating that preglomerular vascular resistance increases in response to elevations in perfusion pressure. In recent reports, these authors also have demonstrated that interlobular arteries and afferent arterioles exhibit contraction when perfusion pressure is elevated. 1213 The objectives of the present work were to confirm the existence of pressure-induced reductions in the diameter of preglomerular vasculature and to evaluate the respective contributions of tubuloglomerular feedback or myogenic mechanisms in this response. The effects of changes in perfusion pressure on the diameter of main arcuate and interlobular arteries and afferent arterioles were studied using a modification of the isolated perfused rat juxtamedullary nephron preparation. 10 We found that afferent arterioles became smaller as perfusion pressure was elevated. This contraction was blocked by furosemide and by interrupting fluid delivery to the macula densa, indicating this response is mediated by the tubuloglomerular feedback mechanism.
Materials and Methods
The study was performed in 24 male Wistar Kyoto (WKY) rats weighing 200-350 g. The animals were anesthetized with sodium pentobarbital (65 mg/kg i.p.). A procedure similar to those described by Casellas and Navar 10 was followed except that a physiological salt solution was perfused instead of blood. The reason for using an artificial cell-free perfusate was to define the extracellular environment while avoiding the presence of blood vasoactive compounds. This also allowed us to directly compare the results with those obtained in isolated pressurized renal arteries. A midline abdominal incision was made and a double lumen perfusion catheter was introduced in the abdominal aorta and advanced into the left renal artery near the hilus of the left kidney. One channel was connected to a syringe pump for perfusion while the other channel was used to continuously measure perfusion pressure. The kidney was perfused with physiological saline solution (PSS) containing (mM) NaCl 116, Ca 2 Cl 2.5, KC1 3, Mg 2 Cl 0.76, KH 2 PO 4 1.7, NaHCO 3 25, glucose 11, Af-2-hydroxyethylpiperazine-W-2-ethanesulfonic acid (HEPES) buffer 5, and 5% bovine serum albumin. This solution was oxygenated with a mixture of 95% O 2 -5% CO 2 to maintain a pH of 7.4. The Pc^ of the perfusate was maintained between 300 and 400 mm Hg. After the cannulation of the left renal artery, the renal vein was tied off near the vena cava and incised to drain renal effluent. The left kidney was then removed from the animal and placed in an organ chamber at 37° C and superfused with oxygenated PSS (not containing albumin). The kidney was continuously perfused with PSS plus 5% albumin throughout the ensuing dissection procedure and the experiment. The osmotic pressure of the perfusate was between 289-300 mosm/kg H 2 O. Perfusion pressure was monitored by means of a pressure transducer (Gould Inc, Instruments Division, Cleveland, Ohio) connected to a recorder (model 2200S, Gould).
The kidney was hemisected, with care taken to retain the renal papilla intact within the perfused tissue, in the anterior portion of the kidney. Most of the renal cortex was resected by incisions on each side of the papilla along the lateral fornices. The renal papilla was reflected to expose the pelvic surface, adipose, and connective tissue that normally covers the inner cortical surface. After removal of this tissue, tubules, glomeruli, and the preglomerular vasculature of juxtamedullary nephrons were visible. The arterial supply feeding a fraction of the juxtamedullary glomeruli (n= [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] was isolated by tying off all other branches of the renal vasculature with polyethylene ligatures (Ethicon microsurgical, 35 jim diameter). Trypan blue (0.1%) was added to the perfusate to provide contrast in the perfused vascular segment. We documented flow through the system by observing a color change in the perfused glomeruli from opaque to blue after addition of trypan blue to the perfusate. After completion of the dissection procedure, the vascular segment was pressurized to 80 mm Hg, which is close to the lower limit of renal blood flow autoregulation in rats. A period of 90 minutes was allowed for equilibration of the preparation. At the end of the equilibration period, viability was determined by recording the vascular responses to 10 /AM angiotensin I (Sigma Chemical Co, St. Louis, Missouri), 0.1 ^iM angiotensin II (Sigma), and 10 ^.M norepinephrine (Sigma).
After the equilibration period, the control relation between vascular diameter and perfusion pressure was determined. The preparation was pressurized to 40, 80, 120, and 180 mm Hg during consecutive 10-minute periods, and optical measurements of vascular diameter were obtained. The results were expressed as percentage of the vessel diameter obtained at 80 mm Hg. After the control measurements were obtained, renal perfusion pressure was returned to 80 mm Hg and the preparation was subjected to one of the following experimental procedures: Measurements of the vascular diameter were made using a binocular microscope (DCR Stereomicroscope, Carl Zeiss, West Germany) coupled to a video system composed of a camera (model KP-130AU, Hitachi Denshi Ltd, Japan), TV monitor (model CVM-1271, Sony Corporation, Japan), VCR (model NV-8950, Matsushita Electrical Industrial Co Ltd, Japan), and a TV micrometer system (model 305, Colorado Video Inc, Instruments for Physiology, San Diego, California). The measuring system was calibrated using a stage micrometer (smallest division, 10 ^.m). Final magnification on the video screen was xl50. The inner diameter of the afferent arterioles was always measured at its terminal end within 50-100 ^m of the glomerulus. Repeated measurements of the vessel images at unmodified pressure conditions yielded diameter values that were reproducible to within 1 /un.
In five preparations autoregulation of glomerular capillary pressure was studied. Measurements of pressures in the glomerular capillaries and Bowman's capsule were obtained as a function of perfusion pressure using a servonull micropressure device (model 900, W-P Instruments, New Haven, Connecticut). Glomeruli were impaled with 3-5 ^im o.d. sharpened micropipettes. Paired measurements of glomerular capillary and Bowman's capsule pressures were obtained at perfusion pressures of 80, 120, and 180 mm Hg, and the order in which perfusion pressures were studied was randomly varied.
The results are expressed as absolute vessel diameters in microns or as a percentage of the respective control diameter of each vessel measured at 80 mm Hg. Mean values ±SEM are presented. The significance of differences in measured diameters at different levels of perfusion pressure in the same vessels were determined using an analysis of variance for repeated measures followed by Duncan's multiple range test. 15 A value of p<0.05 was considered significant.
Results
The rat perfused juxtamedullary nephron preparation allows the visualization of the vascular structures perfusing juxtamedullary glomeruli. The main renal artery divides intrarenally into two to four main arcuate arteries which had a mean diameter of 447.5±23.3 ^.m at 80 mm Hg of pressure (33 measurements from 19 experiments). The afferent arterioles originated, in most part, directly from these main arcuate arteries. In some cases, the afferent arterioles also arose from first order branches from these large vessels. The branches, termed interiobular arteries, 10 had an average diameter of 124.3±14.2 //.m. The inner diameter of the afferent arterioles at 80 mm Hg averaged 32±0.8 /im (84 vessels from 19 preparations), and their size ranged from 12 to 55 /nm.
The effects of addition of angiotensin I, angiotensin II, and norepinephrine to the bath are presented in Figure 1 . Perfusion pressure rose from 82±3 to 110±4 mm Hg (n=5) after 10 mM angiotensin I, from 86±3 to 105±7 mm Hg (n=4) after 0.1 mM angiotensin II, and from 74±4 to 118±9 mm Hg (n=6) when 10 mM norepinephrine was added to the bath. Angiotensin I, angiotensin II, and norepinephrine significantly increased renal vascular resistance in the preparation by 34.1 ±5.8% (from 2.83±1.63 to 3.77±2.1 mm Hg//tl/min), by 20.9±4.4% (from 3.26±0.21 to 3.95±0.28 mm Hg/ /il/min), and by 44±20.1% (from 4.17±0.97 to 6.07± 1.69 mm Hg//xl/min), respectively. The effects of angiotensin I and II and norepinephrine on the vascular diameters in the preparation, however, were different. Both angiotensin I and norepinephrine significantly reduced the diameter of the main arcuate arteries by 28.8±5.3% (from 421.9±63.8 to 338.1±39.6 /urn; n=13;p<0.01), and by 32.7±6.1% (from 417.5+40.5 to 267.4±26.9 /im; n=13; /?<0.001), respectively. Angiotensin II had no significant effect on the diameter of the main arcuate arteries (from 634.0±3.3 to 630.3±64.0 ^m; n=8). In the afferent arterioles, norepinephrine produced a 10.7±2.7% reduction in vascular diameter ( Figure  2 ). Angiotensin I produced a nonsignificant decrease in afferent caliber by 6.1±4.5% (n=24; p<0.115), and angiotensin II produced a nonsignificant increase in the diameter of afferent arterioles of 6.2±5.7% (n=16;p<0.612).
The vascular responses of arcuate and interlobular arteries to changes in perfusion pressure are presented in Figure 3 . In every arcuate and interlobar artery studied, there was a direct relation between vascular diameter and the level of the perfusion pressure (Figure 3 ). In contrast, afferent arterioles exhibit a bimodal response to elevations in perfusion pressure (Figure 4 , top). Increasing perfusion pressure from 80 to 120 or 180 mm Hg reduced the diameter of the vessels by 2±0.9 and 4.8±1.1 nm, respectively, in 58 (69%) of the 84 arterioles studied. In the 26 remaining afferent arterioles studied, vessel diameter increased by 4.7± 1.3 and 5.5± 1.5 fim as perfusion pressure was elevated to 120 or 180 mm Hg, respectively (Figure 4 , bottom). In the remainder of this report, only vessels that exhibited pressure-dependent contraction were studied further. The pressure-dependent contraction of the afferent arterioles was a reproducible phenomenon. As it is shown in Figure 5 , the control and experimental relations between vessel diameter and perfusion pressure were identical in seven time control afferent arterioles studied. The effects of a vasodilator cocktail (100 piM papaverine plus 100 ^iM sodium nitroprusside) and a Ca 2+ -free perfusate on the pressure- evoked response of afferent arterioles are presented in Figure 6 . Both procedures blocked the pressureinduced contraction of the afferent arteriole. At a pressure of 180 mm Hg, the diameter of these vessels increased significantly by 4.8±1.5 and 13.1 ±4.4 urn, respectively, after exposure to the vasodilators or the Ca 2+ -free solution. The results of the experiments to pharmacologically or mechanically block the tubuloglomerular feedback mechanism are presented in Figure 7 . Administration of 10 jtM furosemide (pharmacological blockade) or resection of the renal papilla (which interrupts the delivery of fluid to the macula densa), reversed the pressure-dependent contraction of afferent arterioles. At perfusion pressures of 120 and 180 mm Hg, vessel diameter increased significantly by 5.5±2 and 7.1 ±2 jum, respectively, in furosemide treated kidney. After papilla resection, vascular diameter increased significantly by 6.1 ±2.5 and 12.7±3 /im, respectively, as perfusion pressure was increased from 80 to 120 and then to 180 mm Hg. To determine if furosemide or papillectomy had a nonspecific action on vascular smooth muscle, we also studied their effects on the larger preglomerular vasculature. Both furosemide and papillectomy had no significant effect on the pressure-diameter relations of main arcuate arteries (Table 1) . 
0001). ^Significant difference between measured diameter of the two populations of vessels at the same pressure (p<0.0001).
The results of the measurement of the glomerular capillary and Bowman's capsule pressures as a function of the perfusion pressure are presented in Figure 8 . There was no significant change in glomerular capillary and Bowman's capsule pressures when the perfusion pressure was increased from 80 to 120 and then to 180 mm Hg. The autoregulatory index of glomerular capillary pressure calculated as the percentage change in capillary pressure divided by the percentage change in perfusion pressure averaged 0.15±0.07.
Discussion
The rat juxtamedullary nephron preparation, originally described by Cassellas and Navar, 10 allows the entire preglomerular vasculature of the kidney to be visualized and for changes in vessel diameter in response to many maneuvers to be determined. The reactivity of afferent and efferent arterioles to a variety of agonists has been previously investigated in vitro using the cannulated vessel technique 16 and in vivo using the split hydronephrotic kidney preparation. 17 In both of these preparations, however, the complex relations between vascular and tubular structures are not preserved. The major advantage of the perfused juxtamedullary nephron preparation is that the effects of various maneuvers on vascular reactivity can be studied in the presence of a physiologically active renal parenchyma and a functioning tubuloglomerular feedback system. 10 The anatomical structure of the juxtamedullary vasculature found in our study confirms that originally described by Casellas and Navar.
l0 The glomeruli are primarily located in the areas near the main arcuate arteries, and the afferent arterioles often originate directly from these large vessels. The inner diameter of the afferent arterioles observed in this study are slightly greater than those reported by Carmines et al 18 using the same preparation perfused with blood from a donor rat. These differences can probably be explained by the absence of several vasoconstrictors (such as epinephrine, norepinephrine, 5-hydroxytryptamine, vasopressin, angiotensin II, and thromboxane AJ in the PSS of our study that are likely present in unknown concentrations in blood. Another difference between the PSS-perfused preparation and that which is perfused with blood is that of the response of the larger renal arteries to pressure. Carmines et al 12 and Navar et al 13 showed active response in interlobular and afferent vessels to increases in perfusion pressure while we observed pressure-dependent contraction only in afferent arterioles. It is possible that perfusion with PSS allows the build up of vasodilators which are normally inactivated in the presence of blood. In this regard, we have recently reported that after inhibition of arachidonic acid product formation the interlobular and arcuate arteries also develop pressure-dependent active tone 19 in juxtamedullary nephron preparations perfused with artificial media. These findings suggest that myogenic mechanisms may be masked by local release of eicosanoids.
In the present study, 10 /xM angiotensin I increased the vascular resistance in the juxtamedullary nephron preparation, indicating that the activity of the angiotensin-converting enzyme is not impaired under the present experimental conditions. A similar enhancement of vascular resistance was produced by 0.1 /xM angiotensin II or 10 /xM norepinephrine, further indicating that the renal vasculature of the juxtamedullary nephrons was reactive. These results are consistent with previous findings 101418 and suggest that renal vascular function is preserved in the isolated perfused juxtamedullary preparation.
Although angiotensin I, angiotensin II, and norepinephrine all increased vascular resistance, they had different effects on the diameter of the preglomerular vasculature. Norepinephrine constricted both interlobar, arcuate (data not shown), and afferent vessels (Figure 2 ) in the present study. These effects are consistent with the generalized vasoconstrictor action of norepinephrine on preglomerular and postglomerular renal vasculature reported by others. 1116 In contrast, angiotensin I and angiotensin II had no significant effect on the diameter of afferent arterioles (Figure 2) . Moreover, the reductions in the diameter of the main arcuate arteries produced by angiotensin I and II were much less than those produced by norepinephrine. These results suggest that the resistance increases induced by angiotensin I and angiotensin II in this preparation might be due to its reported preferential vasoconstrictor action on the efferent arterioles. 20 Analogous results have been found by Edwards 16 in rabbit isolated afferent and efferent arterioles. These results, however, are in disagreement with those recently reported by Carmines et al 18 in the juxtamedullary nephron preparation perfused with blood. In these experiments doses of angiotensin II (0.01-1 nM) produced reductions in the diameter of all of Values are paired mean±SEM of the diameter measurements at different pressures. Number of vessels are in parenthesis.
the preglomerular vasculature, as well as in the efferent arterioles. Click et al 21 also reported that angiotensin II contracted both blood perfused afferent and efferent arterioles transplanted to the hamster cheek pouch. We feel that the differences in the results in response to angiotensin I and II in blood versus Ringer's perfused preparations may reflect differences in the activity of endotheliumderived vasodilatory mediators (prostacyclin and endothelium derived relaxing factor that modulate response to vasoconstrictors and whose half-life differ in blood and cell free perfusates).
The measurements of the glomerular capillary and Bowman's capsule pressures ( Figure 8 ) as a function of perfusion pressure, indicate there is a good degree of autoregulation in our PSS perfused preparation. These data confirm those previously described by Casellas et al'' in the same preparation perfused with blood, and indicate that this preparation provides a unique model to study the autoregulatory phenomena. Autoregulation of renal blood flow and glomerular capillary pressure involves changes in the tone of the renal vasculature in response to changes in perfusion pressure. 22 -23 In the present experiments, different responses to pres- sure changes were observed at the different levels of the renal vasculature. The diameter of most of the afferent arterioles decreased significantly in response to elevations in perfusion pressure ( Figure  4 ). In contrast, arcuate (400 jam) and interlobular (100 fim) arteries exhibited a passive dilatory response to the pressure changes (Figure 3 ). The predominance of the afferent arterioles in the renal autoregulatory response has been previously postulated 24 on the basis of proximity of these vessels to the juxtaglomerular apparatus. In our experiments, only the afferent arterioles exhibit changes in diameter that could account for autoregulation. Our data demonstrating that glomerular capillary pressure was well autoregulated is, therefore, consistent with a predominant autoregulatory role of the afferent arteriole in this preparation.
The pressure-induced reduction of diameter of afferent arterioles was blocked by the papaverine and sodium nitroprusside (Figure 6 ), indicating that it is produced by the active contraction of the vascular smooth muscle. A similar blockade of the pressuredependent contraction was produced by bathing the arteries in the Ca 2+ -free medium ( Figure 6 ). The latter results indicate that this response is dependent on extracellular calcium concentration. Calcium, however, is involved as an intracellular signal in all the proposed mechanisms of renal autoregulation. The myogenic response is triggered by depolarization of the vascular smooth muscle cells and activation of the voltage-dependent calcium channels. 25 Similarly, the endothelium-dependent, pressure-mediated contraction of renal and cerebral vessels is also a Ca 2+ -dependent process. 3 -2627 Finally, changes in cytosolic Ca 2+ are thought to be important in the transmission of the tubuloglomerular feedback signal. 28 Thus, the elimination of the pressure dependent contraction of afferent arterioles by Ca 2+ -free medium does not tell us much about the mechanisms of this response.
Furosemide is an inhibitor of the tubuloglomerular feedback mechanism, presumably because it blocks sodium and chloride transport in the macula densa cells of the thick ascending loop of Henle.
14 -29 - 32 In the present experiments, furosemide inhibited pressure-dependent contraction in the afferent arterioles (Figure 7) , suggesting that the afferent arterial response to pressure is mediated via tubuloglomerular feedback. The existence of the tubuloglomerular feedback system for regulation of single nephron glomerular filtration rate has recently been demonstrated in the juxtamedullary nephrons of the rat with micropuncture techniques. 33 The dose of furosemide we used was very low in comparison to the doses (50-100 fiM) reported to fully block the feedback responses. 14 -29 This would argue against the possibility of a nonspecific action of the drug. Furthermore, furosemide did not modify the response of arcuate arteries to pressure increases (Table 1) . Nevertheless, direct action of furosemide on the vascular smooth muscle of the afferent arterioles cannot be completely discarded.
The proposal that the pressure-dependent contraction of the aflFerent arterioles is mediated by the tubuloglomerular feedback system can explain the heterogeneity of the response of these vessels to elevations in perfusion. Almost one third of the afferent arterioles studied did not contract, but did exhibit passive dilation, when perfusion pressure was increased (Figure 4) . We hypothesized that the incisions in the fornices needed to reflect the papilla in this preparation may have interrupted the delivery of fluid to the macula densa to some, but not all, juxtamedullary nephrons studied. We reasoned that this may serve as a way to block the tubuloglomerular signal and to confirm the results obtained with furosemide. To test this hypothesis, the renal papilla was completely excised to mechanically block the tubuloglomerular feedback system by preventing delivery of fluid to the macula densa of all juxtamedullary nephrons. Removal of the renal papilla completely blocked the pressure-dependent contraction in every afferent arteriole studied (Figure 7) , whereas the response of arcuate arteries was unaltered (Table 1) . Papillectomy produced a pressuredependent dilation of afferent arterioles that was similar to that observed in the afferent arterioles that originally did not respond to pressure. The response was also identical to that seen in afferent arterioles treated with furosemide. Taken together, these results suggest that the pressure-dependent contraction of afferent arterioles is mediated by the tubuloglomerular feedback mechanism. It is also interesting that the blockade of afferent pressuredependent contraction by furosemide or papillectomy seems to be complete. The pressure-diameter relations after these treatments were similar to that observed after the vessels were treated with a vasodilator cocktail or a Ca 2+ -free solution. This indicates that, at least under the present experimental conditions, the pressure-dependent contraction of the afferent arterioles is entirely mediated by the feedback signals from the macula densa, without any remaining vasoconstriction that could be attributed to the myogenic properties of the vascular muscle or the endothelium of the afferent arterioles. These results are not consistent with previous conclusions from other authors or even from our own laboratory. Myogenic responses to increases in transmural pressure have been reported in isolated rabbit afferent arterioles, 16 interlobular arteries of the rat and dog, 8 - 23 and in transplanted renal arteries of hamsters. 9 Recently, Carmines et al 12 and Navar et al 13 reported myogenic pressure-dependent contractions of interlobular arteries in blood perfused juxtamedullary nephron preparation. In addition, Moore 4 has argued for an important tubuloglomerular feedback independent component, probably myogenic, which participates in the regulation of single nephron glomerular filtration rate and probably renal blood flow in the rat. It is possible that perfusion of our preparation with cell-free medium augments the activity and/or the release of vasodilatory mediators, which block the myogenic vascular responses. In support of this view, we have recently reported that arcuate and interlobular arteries in this preparation exhibited significant myogenic tone after prostaglandin synthesis was blocked with meclofenamate. 19 In conclusion, the present results indicate that the juxtamedullary nephron preparation is useful to study the reactivity of the microcirculation of the kidney in the presence of the renal parenchyma and with the tubuloglomerular feedback system intact. In the present study, we evaluated the contribution of various caliber renal arteries to the regulation of the renal blood flow. The afferent arterioles exhibited a vasoconstrictor response to elevations in perfusion pressure that allowed for the near-perfect autoregulation of glomerular capillary pressure. This pressure-dependent contraction of the afferent arterioles was entirely mediated by the tubuloglomerular feedback mechanism.
